Synaptic vesicles release neurotransmitter at chemical synapses, thus initiating the flow of information in neural networks. To achieve this, vesicles undergo a dynamic cycle of fusion and retrieval to maintain the structural and functional integrity of the presynaptic terminals in which they reside. Moreover, compelling evidence indicates these vesicles differ in their availability for release and mobilization in response to stimuli, prompting classification into at least three different functional pools. Ongoing studies of the molecular and cellular bases for this heterogeneity attempt to link structure to physiology and clarify how regulation of vesicle pools influences synaptic strength and presynaptic plasticity. We discuss prevailing perspectives on vesicle pools, the role they play in shaping synaptic transmission, and the open questions that challenge current understanding.
N eurons are uniquely polarized cells for receiving and transmitting information. Neurotransmission, a form of chemical communication between neurons, occurs at anatomically specialized sites termed synapses. An action potential (AP) propagates along a neuron's transmitting axon and depolarizes "buttonlike" axonal swellings known as synaptic boutons. Within these presynaptic structures, AP-driven elevations in intracellular calcium (Ca 2þ ) trigger neurotransmitter release onto a postsynaptic target, typically another neuron. This signal transfer underlies the function of neural networks critically important for human behaviors ranging from coordination of movement to cognitive functions such as perception, thought, learning, and memory.
The mid-20th century ushered in revolutionary understanding of the components of neurotransmission, both electrical (Hodgkin and Huxley 1952) and chemical (Fatt and Katz 1952; Del Castillo and Katz 1954) . In particular, Bernard Katz developed the quantal theory of transmitter release-that neurotransmitter molecules were released in discrete packetsin elegant studies with José del Castillo and Paul Fatt. This work, alongside the first electron microscope (EM) images of the synapse (Sjostrand 1953; Palade 1954; Palay 1954; De Robertis and Bennett 1955) , led to the vesicular hypothesis of neurotransmission, which posited that transmitter is stored in synaptic vesicles and that release from the vesicle interior forms the structural basis for quantal neurotransmission (Del Castillo and Katz 1956; Palay 1956 ).
Recent ultrastructural images of mammalian central synapses typify presynaptic architecture, featuring synaptic vesicles (SV) numbering between several dozen and a thousand. Some vesicles localize adjacent to a proteinrich, electron-dense active zone (AZ) where fusion is thought to occur, whereas others are scattered within the greater bouton area (Schikorski and Stevens 1997) as illustrated in Figure  1A . Studies of vesicle-mediated neurotransmission have provided fundamental insights into the mechanisms that mediate transmitter uptake into vesicles (Blakely and Edwards 2012) , calcium-dependent fusion of vesicles with the plasma membrane (Südhof and Rizo 2011; Süd-hof 2012) , and critical modes of vesicle retrieval (Harata et al. 2006) , without which the nerve terminal area would expand enormously (Bittner and Kennedy 1970) . Four decades of such work has generated abundant information about the synaptic vesicle cycle, which chronicles the states occupied by a vesicle before and after fusion (Heuser and Reese 1981; Murthy and De Camilli 2003; Südhof 2004) .
SVs are therefore vital structural components to the function of presynaptic terminals. Disruptions in vesicle function create deficits in neurotransmission that underlie various forms of neurological or psychiatric disorders . Consequently, dissecting the physiological properties of SVs is important for understanding the workings of transmitter release in both health and disease.
VESICLE HETEROGENEITY SHAPES SYNAPTIC TRANSMISSION: A PRIMER FOR POOLS
Aside from obvious differences in spatial location, no other morphological features clearly distinguish vesicles within a bouton. Why then must vesicles be grouped into distinct pools? An important step in understanding vesicle pools is to frame their relevance to fundamental aspects of neurotransmitter release.
Early experiments at the neuromuscular junction (NMJ) detected a phenomenon of synaptic depression (Fig. 1B) wherein the postsynaptic response to repetitive presynaptic APs declined reproducibly over time (Liley and North 1953; Lundberg and Quilisch 1953) . Quantal analysis suggested the depression occurred presynaptically, indicated by little or no change in the unitary postsynaptic response, but a progressive reduction in the number of transmitter-laden packets released by each AP. Two pioneering studies hypothesized that during the development of depression from frequent stimulation, quanta are released from a limited pool of "release-ready" vesicles (emptying the pool) at a rate faster than fresh transmitter-filled vesicles could replenish those expended (refilling the pool) (Birks and Macintosh 1961; Elmqvist and Quastel 1965) . Assuming that each AP discharges a similar fraction of available vesicles, a decrease in release is expected to follow the depletion of this limited pool. Transmission strength eventually reaches a lower steady level, in which release is perfectly balanced by the slow refilling. Frequency-dependent increases in the kinetics and magnitude of synaptic depression conformed to this hypothesis. Importantly, the maximal size of this pool, expressed in functionally determined quantal units, was far below the number of vesicles estimated from morphology. This implied the existence of some nonuniformity in the availability of vesicles for release: Only a fraction of the total ensemble is "release-ready" and additional vesicles are recruited to replenish this limited pool (Fig. 1B) . Notably, the "release-ready" pool and its replenishment or refilling were functionally defined without specification of cell biological mechanism, an ambiguity that still persists.
Synaptic Depression Links Vesicle Dynamics to Network Performance
Synaptic depression is one of a wide variety of reversible changes in synaptic strength collectively termed short-term plasticity (STP). These operate on relatively rapid timescales (milliseconds anatomically define a synaptic contact. Few vesicles appear docked to the active zone (example arrowhead), whereas the vast majority are distributed within the greater bouton volume. Scale bar, 0.25 mm (Schikorski and Stevens 1997 to minutes) and shape information processing at synapses (Abbott and Regehr 2004) . If the onset of depression is relatively slow, the postsynaptic response follows the frequency of presynaptic inputs and is able to encode such information. Conversely, if depression develops rapidly, the postsynaptic cell preferentially encodes the temporal onset of presynaptic activity, losing significant broadband information, particularly at higher AP frequencies (Tsodyks and Markram 1997) . In cortical synapses, depression performs a dynamic "gain control" function that contributes to regulation of neuronal sensitivity during rapid changes in sensory input (Abbott et al. 1997) . Furthermore, during pathological episodes of neuronal hyperactivity, depression provides negative feedback that can help set limits on runaway network activity. The link, therefore, between synaptic depression and the depletion of SVs with heterogeneous release properties exemplifies the impact of vesicle dynamics on neural circuit performance.
A Caveat about Mechanisms for Depression Other than Vesicle Depletion
Synaptic depression likely includes a diversity of other determinants in various neuronal preparations (Zucker and Regehr 2002) . Forexample, at the calyx of Held, synaptic depression is accompanied by use-dependent decreases in presynaptic Ca 2þ current (Xu and Wu 2005) , possibly resulting from Ca 2þ accumulation and Ca 2þ channel inactivation (Mochida et al. 2008 ). In addition, AP failures (Bielefeldt and Jackson 1993) , activation of presynaptic inhibitory autoreceptors (Wu and Saggau 1997) , release site inactivation (Armitage and Siegelbaum 1998) , and postsynaptic receptor desensitization (Otis et al. 1996) or saturation (Neher and Sakaba 2001) have also been found to contribute to depression in diverse systems. Attempts at assignment of mechanism have only been performed in a limited number of model synapses (Kraushaar and Jonas 2000; Schneggenburger et al. 2002; Mochida et al. 2008) . However, vesicle depletion remains awidely accepted contributor to depression in most, if not all, neuronal preparations (Zucker and Regehr 2002) .
General Relevance of Pools to Presynaptic Release
Vesicle pools are relevant to presynaptic physiology in other ways, particularly with regard to synaptic release probability (P r ) and presynaptic determinants of synaptic strength. P r is a measure of synaptic reliability, which quantifies the likelihood that an AP triggers the release of at least one vesicle from a bouton. Unlike the NMJ, most central synapses are relatively unreliable (P r , 0.3 on average in hippocampal terminals [Murthy et al. 1997] ) with P r varying widely between boutons in a manner that correlates with the number of "releaseready" vesicles (N) Murthy et al. 2001 ; but see Hanse and Gustafsson 2001b) . Moreover, the "N" release-ready vesicles and their average fusion probability (P ves ) establish the quantal content of an AP response and together reflect presynaptic contributions that set synaptic strength (Allen and Stevens 1994; Stevens and Wang 1994) .
In the setting of activity-dependent changes in P r (Hessler et al. 1993; Rosenmund et al. 1993) , synaptic strength can be significantly altered (Stevens and Wesseling 1999a,b; Schneggenburger et al. 2002) , quite notably during periods of synaptic plasticity Wang 1994, 1995; Goda and Stevens 1998) and homeostasis (Murthy et al. 2001) . Conceivably, some of these changes may have mechanistic origins in alterations to all vesicle pools (Murthy et al. 2001) , selective modulation of the "releaseready" pool (Goda and Stevens 1998) , or reallocation of existing vesicles between functional pools (Waters and Smith 2002; Ratnayaka et al. 2012) . Thus, beyond synaptic depression by vesicle depletion, vesicle pools account for a variety of presynaptic mechanisms that support the regulation of synaptic strength, plasticity, and by extension, learning, memory, and behavior.
A WORKING DEFINITION OF VESICLE POOLS
There are multiple ways of "pooling" vesicles that are complementary but have yet to coalesce. Morphology tends to focus on the spatial A.A. Alabi and R.W. Tsien localization of vesicles relative to the AZ. Electrophysiological recordings apply compartmental analysis and laws of mass action to define a pool as a functional group. Biochemical studies can aspire to define distinct groups of vesicles by a specific molecular label. Location, functionality, and molecular features must all matter in the end, but currently there is incomplete consensus about the experimental approach to be used to define pools in a quantitative way, and the very terminology used to frame the research questions is itself a matter of debate.
Common Features of Vesicle Pool Organization among Diverse Synapses
In a thoughtful and elegant review, Rizzoli and Betz (2005) considered different preparations that have been used to study vesicle pools: the motor nerve terminals of frog and fly; the calyx of Held of the auditory brain stem and hippocampal nerve terminal, both from rodents; and the ribbon synapse of the goldfish. These five systems, and another famous invertebrate preparation, the squid giant synapse, encompass an enormous range of presynaptic structures, varying in function, size, and organization, and excelling in particular ways. The frog neuromuscular synapse is the most classical system; that of the fly is the most amenable to genetic manipulation; the large calyx of Held synapses are the most accessible to powerful experimental approaches, including measurements of presynaptic capacitance; and the ribbon synapse is arguably most highly evolved in doing its job successfully.
Although the large synapses offer important kinds of experimental accessibility, we have chosen to center this review on the tiniest synaptic terminals, exemplified by hippocampal or neocortical synapses studied in brain slices and dissociated cultures. Although studies of these synapses face technical challenges because of their size and relative inaccessibility, there are countervailing considerations. Small nerve terminals constitute the vast majority of central nervous system (CNS) synapses, reflecting a miniaturization of brain components critical for massive parallel processing in an anatomical structure of limited size. Disorders in the functioning of such synapses are of relevance to human diseases ranging from autism to Alzheimer's disease, or from ataxia to epilepsy. Generally they comprise only a single AZ, which is advantageous if one accepts that synapses of various sizes use a modular architecture built around a fundamental unit: the single AZ plus its attendant vesicles. In support of this view, the calyx of Held can be thought of as 600 of such units, operating in parallel. In this respect, the small CNS synapse could be regarded as an excellent model for the famous Calyx! Small CNS synapses stand out because their vesicle pools are easily depleted, and thus provide a foil for other kinds of central synapses with large pools of vesicles that are replenished quickly enough to sustain high bandwidth transmission (Hallermann et al. 2003 (Hallermann et al. , 2010 Saviane and Silver 2006) . The goal therefore is to start with this one experimental system, but to define principles for naming, defining, and manipulating vesicle pools that could be applicable to other systems as well.
Basic Features of Vesicle Pools in CNS Terminals and Proposal for a Unifying Nomenclature
In virtually every mature neuronal preparation, a class of "release-ready" vesicles has been defined and named the readily releasable pool (RRP). In hippocampal terminals, only a few vesicles are endowed with RRP status and these are readily discharged after only a couple of seconds at 10 -40 Hz stimulation (Stevens and Williams 2007) . After the RRP has been depleted, continued release occurs from a secondary releasable pool we choose to call the recycling pool (RP). Together all vesicles capable of undergoing release, RRP and RP, are grouped into a total recycling pool (TRP).
Paradoxically, however, this TRP still represents only a fraction of the 100 -200 (Schikorski and Stevens 1997) or up to 500 (Harris and Sultan 1995) morphologically identified vesicles in hippocampal terminals, prompting the designation of yet another pool of vesicles, the resting pool (R t P). In a series of recent studies expanded upon in a later section, several potential roles for the R t P are highlighted.
Rizzoli and Betz previously proposed a unifying three-pool model that comprised an RRP, RP, and "reserve pool," which are accessed for release in sequential order. In this scheme, the RRP is immediately available for release, the RP replenishes the RRP during "physiological" patterns of stimulation, and the "reserve pool" is only released during bouts of intense, often "unphysiological" stimulus patterns (Rizzoli and Betz 2005) . In aligning with this nomenclature, we preserve the RRP-to-RP sequence but note that the "reserve pool" definition contradicts a prior designation of the same term in central synapses. For clarity, we choose to create an equivalent three-pool model by replacing "reserve pool" with the previously defined resting pool, R t P (Fig. 1C ). This distinction is subtle but important given some unique differences between the hippocampal R t P and the "reserve pool" described, for instance, at the frog NMJ (Harata et al. 2001b; Richards et al. 2003) .
EXPERIMENTAL CHARACTERIZATION OF CANONICAL VESICLE POOLS
Several robust strategies have been applied to the characterization of SV pools and dynamics. In addition to vesicle fusion and retrieval at the plasma membrane, studies have greatly expanded to explore vesicle dynamics within the interior of the bouton. Using different optical tools, vesicles can be tracked with novel, dynamic imaging techniques in live neurons (Shtrahman et al. 2005) , with superior spatiotemporal resolution (Willig et al. 2006 ) and signal to noise (Park et al. 2012) . A summary of these methods is provided in Box 1. The remarkable diversity of this toolbox has allowed probing of SVs throughout the vesicle cycle and led to new insights into their dynamics.
Total Recycling Pool (TRP)
Sizing up the number of vesicles in the TRP (N TRP ) has largely relied on optical probes of vesicle fusion (Box 1). In hippocampal synapses, for example, strong stimulation in the continued presence of extracellular FM dye results in a saturating degree of dye loading within boutons (Ryan et al. 1996; Harata et al. 2001b) , as every releasable vesicle eventually fuses and entraps dye on subsequent endocytosis. The peak FM signal can be normalized to that of a single vesicle (Murthy et al. 1997; Harata et al. 2001a ) to obtain TRP estimates of 30 vesicles, similar to those made with uptake of single quantum dots (QDs) (Zhang et al. 2007 ). There is general agreement that the TRP is only a fraction of the morphological vesicle pool, but the exact fraction differs according to experimental strategy (Harata et al. 2001b; Fernandez-Alfonso and Ryan 2008; Ikeda and Bekkers 2009) . Using strong stimulation and the most direct method, ultrastructural identification of FMcontaining vesicles after photoconversion, the TRP averaged 15% of vesicles (Harata et al. 2001a) . Interestingly, the largest estimate, using electrophysiological readouts, suggests that up to 80 -130 vesicles ( 70% of all vesicles) can be released during mild stimulation over a long period (Ikeda and Bekkers 2009) , although correlative morphology is needed for a more direct confirmation.
Readily Releasable Pool (RRP)
RRP vesicles have the highest fusion probability at the bouton, and this accounts for their particularly weighty contribution to synaptic strength Waters and Smith 2002) . By definition, they are the first to be released and thus depleted during a bout of activity (Rosenmund and Stevens 1996; von Gersdorff et al. 1996; Schneggenburger et al. 2002; Richards et al. 2003) . For burst-pattern firing, typical of the hippocampus in vivo (Fenton and Muller 1998) , synapses respond robustly at first but then progressively weaken as depletion of RRP vesicles and synaptic depression ensue (Dobrunz and Stevens 1999; Dekay et al. 2006) .
The number of RRP vesicles (N RRP ), on average 5-9 vesicles at individual hippocampal boutons Murthy and Stevens 1999) , has often occupied center stage in pool studies because of its impact on
BOX 1. TOOLS AND METHODS OFTEN USED IN THE STUDY OF VESICLE POOLS AND DYNAMICS
pHluorin-pHluorin is a green fluorescent protein (GFP) variant that can be genetically encoded onto the lumenal portion of SV proteins. pHluorin fluorescence ( pK a 7.1) is quenched at the acidic pH of the vesicle and fluoresces on fusion and exposure to near-neutral extracellular pH. An acute application of bafilomycin (baf ), an inhibitor of the proton pump responsible for acidifying vesicles, allows the pHluorin signal to reflect net exocytosis as vesicles retrieved after fusion fail to reacidify. Ammonium chloride, which neutralizes the interior of acidic organelles, is also useful to unquench recycling and nonrecycling pHluorin-tagged proteins.
FM dyes-Of these small styryl dyes, FM1-43 is most widely used in vesicle studies. It has a significant increase in quantum yield on partitioning into membranes and is trapped within vesicles in a quantized manner after compensatory endocytosis. It remains fluorescent within the inner leaflet of the vesicular membrane until another round of exocytosis, allowing vesicular movement within the bouton to be tracked and providing a signal indicative of fusion pore opening as this causes a loss of dye from the interior of the vesicle.
Quantum dots-QDs are semiconductor-based nanoparticles that have recently been applied to the study of SVs. A major benefit to the QD is the remarkable stability and brightness to its photoluminescence, which allows long-term tracking of QD-labeled structures with substantial signal to noise and little to no photobleaching. The QD size allows uptake into vesicles during endocytosis in a 1:1 ratio and is only liberated during release, which involves a full collapse of the QD-loaded vesicle into the plasma membrane.
Photoconversion-In this procedure, FM dye-loaded synapses can be exposed to the chemical 3,3 0 -diaminobenzidine (DAB) and prolonged photoillumination causes excitation-induced conversion of DAB to an electron-dense product only in dye-containing vesicles. This can be visualized by EM in attempts to provide a morphological correlate to functional observations made using the same dyes.
Stimulating presynaptic release-In addition to high-frequency stimulation (HFS) and hypertonic sucrose, release can be induced by extracellular K þ depolarization, brief step depolarizations under voltage-clamp and flash photolysis of caged Ca 2þ compounds within the presynaptic bouton. Hypertonic sucrose has been used routinely at the NMJ and central terminals. HFS typically involves eliciting APs in the range of 5-100 Hz and is often the method of choice in the NMJ but is also used extensively in hippocampal terminals and somewhat in the calyx of Held. Voltage-clamp and Ca 2þ uncaging are routinely used in synaptic preparations like the calyx of Held and retinal bipolar neurons that have large terminals accessible to a patch pipette.
Measuring presynaptic output-Optical probes such as FM dyes, pHluorin, and QD nanoparticles have all been applied to the detection of vesicle fusion. In addition, electrophysiological recordings in the postsynaptic cell measure changes in membrane potential or current owing to the release of neurotransmitter and patch clamp measurements in the presynapse of large terminals like the calyx allow the detection of capacitance changes that occur on vesicle membrane fusion with the plasma membrane surface area. For oxidizable transmitters, like dopamine, amperometry allows the specific detection of transmitter presence in the synaptic cleft.
Intrabouton vesicles tracking-This requires good signal-to-noise ratio and the application of superlocalization, subdiffraction resolution or statistical methods because of the relatively small size of synaptic vesicles ( 40-50 nm). Labeled vesicles are tracked with fluorescence microscopy using fluorescence imaging with one-nanometer accuracy (FIONA), stimulated emission depletion (STED) microscopy, fluorescence correlation spectroscopy (FCS), or evanescent wave microscopy. Fluorescence recovery after photobleaching (FRAP) can be combined with these visualization techniques to explore the mobility of vesicles between regions. In addition, ultrastructure of probe-loaded vesicles can be examined by photoconversion of FM dye, use of quantum dots that have an electrondense core, or horseradish peroxidase (HRP).
Synaptic Vesicle Pools and Dynamics
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In general, assessing N RRP requires (1) a stimulus strong enough to empty the RRP; (2) an assay of presynaptic output (Box 1); and (3) an estimate of the extent to which concurrent refilling of the RRP had offset its stimulus-dependent depletion (Wesseling and Lo 2002; Ruiz et al. 2011) .
The choice of stimulation and assay vary widely by system (Rizzoli and Betz 2005) , sometimes yielding conflicting interpretations even within the same neuronal preparation (Lou et al. 2005 (Lou et al. , 2008 Moulder and Mennerick 2005; Stevens and Williams 2007) . When HFS is used, differences in N RRP estimates often arise depending on whether replenishment is deemed to begin at its steady-state rate at the onset of stimulation (Moulder and Mennerick 2005) , or to increase to the final rate with a firstorder exponential (Stevens and Williams 2007) or sigmoid (Ruiz et al. 2011 ) time course. It is likely that proper estimates require careful consideration of the Ca 2þ dependence of RRP refilling, which predicts dynamic changes during a stimulus ( Fig. 2A ) (Sakaba and Neher 2001a; Stevens and Williams 2007; Babai et al. 2010) .
A useful alternative for determining N RRP relies on an osmotic challenge, usually an application of normal saline made hypertonic by the addition of 500 mOsm/L sucrose. Although this hypertonic sucrose strategy dates back 60 years (Fatt and Katz 1952) , its precise mechanism is incompletely understood. However, cross-depletion analysis shows that both APs and hypertonic sucrose access and deplete an overlapping RRP (Fig. 2B) (Rosenmund and Stevens 1996) . Importantly, the response to hypertonic sucrose is calcium independent, being insensitive to loading nerve terminals with strong Ca 2þ buffers (Rosenmund and Stevens 1996) , and to genetic deletion of synaptotagmin I, the primary calcium sensor for AP-synchronized release in hippocampal terminals (Geppert et al. 1994) . By bypassing AP generation, Ca 2þ elevation, and calcium-triggered fusion, hypertonic sucrose offers the chance to directly probe downstream aspects of vesicle fusion and to dissociate Ca 2þ -dependent processes from Ca 2þ -independent ones that specifically alter the number of release-ready vesicles (Geppert et al. 1994; Reim et al. 2001) .
Regulation of N RRP . The capacity of the RRP is generally thought to be limited but appears to scale with the number of TRP vesicles (Murthy and Stevens 1999; Waters and Smith 2002) and overall synapse size (Welzel et al. 2011) . A possible limiting factor is the overall area of the AZ where release can occur (Schikorski and Stevens 1997; Ruiz et al. 2011; Welzel et al. 2011) . N RRP at individual synapses generally remains unchanged when measured at sufficiently long intervals (Stevens and Wesseling 1998; Murthy and Stevens 1999) ; however, N RRP can be increased by pharmacological activation of protein kinase C in hippocampal and calyceal terminals (Stevens and Sullivan 1998; Waters and Smith 2000; Fioravante et al. 2011 ). Interestingly, this occurs primarily at synapses with a small proportion of RRP vesicles, consistent with a ceiling on N RRP that restricts increases at synapses already at maximal RRP capacity (Waters and Smith 2002) .
Recycling Pool (RP)
The size of the RP is often inferred as the difference between N TRP and N RRP , using the methods previously described. RP size scales with N TRP and is typically approximately three times N RRP at hippocampal synapses (Murthy and Stevens 1999) . RP vesicles repopulate vacancies within the RRPand thus require additional transitions, which are often rate-limiting during persistent activity, to become release ready. Consequently, the kinetics of the RP to RRP transition impacts neurotransmission, particularly late during a bout of activity, and offers a potential control point for regulating release efficacy.
Indeed, the time constant of RRP replenishment at rest, measured with a pair of depletion stimuli variably spaced in time, is on the order of several seconds ( 5 -10 sec at room temperature) in hippocampal and retinal bipolar synapses (von Gersdorff and Matthews 1997; Note that applying the charge integral and not simply peak amplitude captures synchronous and asynchronous release. Refilling of the RRP from the RP is approximated as a first-order exponential process. RRP size (N RRP ) is proportional to the total charge integrated over the stimulus duration less that resulting from the refilling process (area between the two curves) (Stevens and Williams 2007) . (B) Cross-depletion with high-frequency stimulation (HFS) (100 APs at 20 Hz) reveals that both hypertonic sucrose and AP challenges access the same RRP vesicles (Rosenmund and Stevens 1996) . (C ) Left panel: Example of photoconverted hippocampal terminal after loading with FM1-43 using 20 Hz, 60 sec stimulation with an additional 60 sec rest for residual endocytic activity poststimulus. The aim was to label the total recycling pool TRP. Approximately 39% of vesicles recycled and thus contained electron-dense puncta (dark vesicle lumen), with some in close proximity to the active zone (arrowhead) and others intermixed within the greater bouton area. Scale bar, 0.5 mm (Harata et al. 2001b ). (Right panel) 10 Hz stimulation of hippocampal neurons expressing a pHluorin-tagged vesicular protein in the presence of proton-pump inhibitor bafilomycin reveals the TRP. Ammonium chloride pulse at the end of the stimulus neutralizes the remaining pHluorin constructs in acidic compartments, thereby unmasking nonrecycling vesicles in the resting pool (Kim and Ryan 2010) Stevens and Wesseling 1998) but appears to be heavily modulated. Activity causes a Ca 2þ -dependent speeding of replenishment, reaching a maximal level within a couple of seconds of HFS ( Fig. 2A) (Smith et al. 1998; Stevens and Wesseling 1998; Wang and Kaczmarek 1998; Gomis et al. 1999) , providing a mechanism to resupply RRP vesicles at highly active synapses. Replenishment is further enhanced by warming to physiological temperature (Pyott and Rosenmund 2002) and protein kinase C stimulation (Stevens and Sullivan 1998) .
A deeper form of short-term depression? During extended stimuli that mobilize RP vesicles, a deep, long-lived depression in neurotransmission has been reported in multiple synaptic preparations (Abbott et al. 1997; von Gersdorff and Matthews 1997; Stevens and Wesseling 1999b) . Contrary to RRP depletion, which typically requires ,30 sec for recovery (Stevens and Wesseling 1998) , this deeper state persists for several minutes and has been suggested to represent the rate-limiting recycling of depleted RP vesicles (Liu and Tsien 1995) . Alternatively, it may result from the rate-limiting clearance of fused vesicle components that accumulate near the AZ during heavy activity (Stevens and Wesseling 1999b; Garcia-Perez et al. 2008 ). These could occlude potential release sites, limiting the supply of RP vesicles to the RRP in what has been termed "supply-rate depression" (Garcia-Perez et al. 2008) . Consistent with this, the endocytosis that accompanies such heavy use involves large invaginations and the formation of endosome-like structures at the NMJ to recapture bulk vesicular membrane all at once. Finally, this depression could be accounted for by an alternative arrangement of RRP and RP vesicles that predicts changes in the nature of replenishment during persistent stimulation (Gabriel et al. 2011 ).
Resting Pool (R t P)
The R t P, introduced earlier in this article, is defined as a set of vesicles that remain unreleased even after prolonged stimulation that causes a saturating degree of vesicular turnover (Harata et al. 2001b; Li et al. 2005) . Assessment of R t P size often relies on detection of vesicles unable to release genetically encoded pHluorin probes (Box 1) as assayed by fluorescence microscopy (Poskanzer and Davis 2004; Fernandez-Alfonso and Ryan 2008) or uptake exogenous probes as assayed by EM of electron-dense QD cores (Zhang et al. 2007) or by-products produced by photoconversion of FM dye (Fig. 2B) (Harata et al. 2001b) . Typical estimates of average R t P size range from 50% -85% of all vesicles (Harata et al. 2001b; Fernandez-Alfonso and Ryan 2008 ; but see Ikeda and Bekkers 2009) . A similar nonrecycling pool has been suggested at the calyx of Held (de Lange et al. 2003) , and NMJs of Drosophila (Poskanzer and Davis 2004) and mouse (Wyatt and Balice-Gordon 2008) . Even in terminals said to be devoid of an R t P, 15% of vesicles are unlabeled in ultrastructural images of photoconverted boutons maximally loaded with FM dye (Richards et al. 2003) .
Given the paucity of SVs at central terminals it is surprising that so many vesicles appear in the R t P. A partial rationale is that a relatively small number of vesicles suffice to maintain neurotransmission even without R t P mobilization (Murthy and Stevens 1998; Pyle et al. 2000; Richards et al. 2003; Denker et al. 2011a ). An additional feature is that R t P vesicles are recruited by intracellular signaling pathways. For example, at the Drosophila NMJ, the vesicles most reluctant to release can be recruited to the RRP using a protein kinase A pathway involving filamentous actin (Kuromi and Kidokoro 2005) . In hippocampal terminals, R t P mobilization can be achieved by inhibition of cyclin-dependent kinase 5 (CDK5) (Kim and Ryan 2010) . Loss of presynaptic CDK5 may occur in response to prolonged neuronal silencing (Kim and Ryan 2010) , and contribute to homeostatic scaling of presynaptic release (Murthy et al. 2001; Thiagarajan et al. 2005) . Restoration of the R t P involves an opposing action by the calcium-dependent phosphatase calcineurin. Thus, opposing effects of phosphorylation -dephosphorylation may tilt the balance between recycling and nonrecycling vesicles to adaptively alter synaptic strength without varying total vesicle number or bouton size (Fig. 3) (Ratnayaka et al. 2012 ). R t P vesicles may have additional physiologically relevant functions as suggested by recent evidence. First, they can be dynamically exchanged between boutons as members of a vesicle "superpool" (Fernandez-Alfonso and Ryan 2008) . Second, they might serve as a buffer for the trapping and activity-dependent supply of proteins used in vesicle recycling (Denker et al. 2011b ). Third, the R t P may be a source of vesicles released during spontaneous miniature Left column: Vesicles in RRP are presumed to be in close proximity to active zone for highest P ves at the bouton and rapid fusion. RP and R t P vesicles are interspersed within vesicle cluster. Both contribute to the vesicle superpool (arrows leaving bouton). R t P vesicles are distinguished by molecular labels (Hua et al. 2011; Ramirez et al. 2012) and possibly contribute to spontaneous release at sites outside AZ (Zenisek 2008) . Shading of RRP vesicles reflects potential RRP heterogeneity. The number of vesicles depicted within the bouton is scaled down by a factor of 5 for easy visualization. Right column: Modifications to vesicle pool number or properties are marked in red when compared to basal state. Each modification contributes to shaping neurotransmission and short-term plasticity (see text for further details). For RRP, the number of vesicles (N RRP ) or their fusion probability (P ves ) may change. For RP, increases in bouton size can accommodate more RP (and R t P) vesicles and increase active zone length (which could possibly enhance RRP capacity) (Welzel et al. 2011 ). Additionally, calcium or protein kinase C activation can accelerate RP mobilization, mitigating RRP depletion. For R t P, inhibition of CDK5 recruits vesicles to the total recycling pool (TRP) (Kim and Ryan 2010 ) and modification of a proposed molecular label can alter the frequency of spontaneous release events (Ramirez et al. 2012) .
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Cite this article as Cold Spring Harb Perspect Biol 2012;4:a013680 events ("minis"), determined using various crossdepletion strategies and spectrally separable fluorescent probes to monitor vesicle fusion during spontaneous or evoked activity. Kavalali and colleagues have advanced a model wherein spontaneous release signals to a distinct complement of postsynaptic receptors (Atasoy et al. 2008; Sara et al. 2011) and is derived from a limited pool of vesicles reluctant to fuse during evoked activity (Sara et al. 2005; Chung et al. 2010) , formally identified as part of the R t P by Fredj and Burrone (Fredj and Burrone 2009) , which are molecularly defined by the R-SNARE protein Vti1a (Vps-10p-tail-interactor1a) (Ramirez et al. 2012 ). However, using very similar methods, Klingauf and colleagues find that spontaneous and evoked release share an overlapping set of vesicles (Groemer and Klingauf 2007; Hua et al. 2010) and in a broad set of experiments in multiple preparations, Rizzoli and colleagues reinforce this idea (Wilhelm et al. 2010) . The lack of consensus on this subject will undoubtedly make it a target of continued study.
NEW CONCEPTS IN UNDERSTANDING THE ORGANIZATION OF VESICLE POOLS
Beyond the pools discussed thus far, the general concept of vesicle pools has been further expanded by additional studies of vesicle dynamics. These have revealed both fine substructure and global superstructure relative to the canonical pools.
Subdivisions within the RRP
As if distinctions between the RRP and RP were not enough, the RRP itself is likely more heterogeneous than originally appreciated. Under basal physiological conditions, an incoming AP appears to be able to trigger transmitter release from only a small subset of vesicles that are "preprimed" (Hanse and Gustafsson 2001b) or "rapidly releasing" (Heinemann et al. 1994; Wu and Borst 1999; Schneggenburger et al. 2002) . Depletion of this preprimed subpool, part of the RRP, has been detected kinetically, as a form of depression operating on a millisecond timescale ). Compared to this privileged subpool, the remainder of the RRP is relatively reluctant to release. This phenomenon appears to be quite general, having been reported for the calyx of Held (Wu and Borst 1999; Sakaba and Neher 2001b ) and retinal bipolar neurons (Burrone and Lagnado 2000) . Typical estimates suggest that 10% -20% of the RRP is immediately available for release (Moulder and Mennerick 2005) , or 1 vesicle for hippocampal terminals. This lines up with observations that hippocampal synapses typically contain a single active zone, possibly corresponding to 1 release site (Schikorski and Stevens 1997) , and discharge at most one vesicle per AP per synapse (an approximate "one-vesicle rule") (Stevens and Wang 1995; Hanse and Gustafsson 2001b) . The preprimed subpool has been interpreted in various ways. It might reflect a limit on the number of release sites available for fusion, such that relatively reluctant RRP vesicles must undergo a final, albeit fast, transition to full competence for fusion (Hanse and Gustafsson 2001b) . It could also be a consequence of use-dependent changes in the release site(s) that make other RRP vesicles more reluctant to fuse Stevens and Wesseling 1999a) . Finally, as suggested for the calyx of Held, it may reflect a favorable positioning relative to Ca 2þ channels or inherent differences in Ca 2þ sensitivity (Neher and Sakaba 2008) . Whatever the mechanism, a preprimed subpool would have important implications for activity-dependent changes in P r (Stevens and Wesseling 1999a; Hanse and Gustafsson 2001a) . Changes in the size of the subpool or the P ves of its members could have a major impact on synaptic efficacy (Fig. 3) (Stevens and Wesseling 1999a; Lee et al. 2010 ).
Vesicle Superpool and Interterminal Exchange
The underlying premise of canonical pools, that boutons operate independently, is undoubtedly an oversimplification. Growing evidence points to a vesicle superpool that transits rapidly between synapses, as seen in neuronal culture (Krueger et al. 2003) , native brain tissue (Staras (Herzog et al. 2011) . Superpool vesicles depart their original bouton and travel along axons to functionally integrate into new terminals as far as 30 mm away (Staras et al. 2010) . Dynamic imaging of fluorescently labeled vesicles suggests that the superpool is derived from both RP and R t P vesicles (Fig. 3 ) (Darcy et al. 2006; Fernandez-Alfonso and Ryan 2008; Kamin et al. 2010) . The turnover rate has been estimated as 4% of all vesicles per minute (Staras et al. 2010 ) and intra-axonal motion has been described as diffusive mobility (Westphal et al. 2008) , actin turnover dependent (Darcy et al. 2006) , or dependent on microtubulebased motors (Westphal et al. 2008) . The signals and molecules that regulate vesicle reallocation among synapses are unclear, but may include presynaptic activity (Fisher-Lavie et al. 2011 ) and brain-derived neurotrophic factor (BDNF), signaling through its receptor TrkB (Staras et al. 2010) . Interbouton exchange of vesicles could operate alongside sharing of presynaptic molecules (Kalla et al. 2006; Tsuriel et al. 2009; Ribrault et al. 2011) to provide a mechanism for synapse-specific changes in synaptic strength. Together, both factors may support synaptic remodeling events that underlie certain forms of plasticity and homeostasis (Matz et al. 2010; Herzog et al. 2011 ). This may partially recapitulate synapse formation in developing hippocampal neurons, which relies on intra-axonal mobilityof vesicles and AZ proteins (Kraszewski et al. 1995; Ahmari et al. 2000) .
FUNDAMENTAL QUESTIONS THAT REMAIN UNANSWERED
Vesicles display a greater complexity of function and regulation than is discussed here. Nevertheless we have highlighted some key properties of different vesicle pools. For signaling molecules like protein kinase C (PKC) and CDK5, which alter vesicle pools and dynamics, the primary effectors of this action, be they vesicular proteins, presynaptic proteins, or elements of the cytoskeleton, are intently sought after. Elegant studies that have linked Ca 2þ accumulation during presynaptic activity to the function of the priming molecule Munc-13 and subsequent enhancement of vesicle fusion probability exemplify the type of understanding possible (Shin et al. 2010) . Clarification of the signals and effector proteins that impinge on vesicle dynamics will provide a more complete cell biological framework for understanding how transmitter release is regulated by synaptic activity. Further understanding will also require renewed focus on some of the more complex questions below.
To what extent are SV biochemically homogeneous? The pioneering study of Jahn and colleagues (Takamori et al. 2006) made the reasonable first approximation that all SV can be treated as biochemically uniform, a simplification also implicit in biophysical modeling of vesicle trafficking. Future studies must reckon with the possibility that molecular heterogeneity exists, and that vesicles bearing distinct biochemical fingerprints, in either the number or subtype of vesicle proteins, differ in their functional properties. If this is the case, it will be important to ascertain whether vesicle identity is preserved after a cycle of full collapse fusion and retrieval. Already, experiments suggest that certain vesicle proteins can remain clustered post fusion (Opazo et al. 2010 ) and undergo concerted retrieval, suggesting that the reconstructed vesicle may retain certain functional features of its predecessor, such as fusion probability. Indeed, R t P vesicles appear to be distinguished by the presence of the v-SNARE protein vAMP7 (vesicle-associated membrane protein 7) (Hua et al. 2011) and vesicles that support spontaneous minis recycle continuously along with the molecular identifier Vti1a (Ramirez et al. 2012) .
Do vesicles traffic by queuing and if so, is it a single queue? One possible interpretation of the cell biology of vesicle cycling described by Heuser and Reese (1981) is that vesicles follow a stereotyped route following endocytosis. More recent work has outlined multiple parallel routes that can be traversed by the newly internalized vesicle before it undergoes fusion once again (Fesce et al. 1994; Stevens and Williams 2000; Murthy and De Camilli 2003) . The topology of these pathways, and the key temporal bottlenecks, are incompletely understood (Fernandez-Alfonso and Ryan 2006) . A related question is whether vesicles undergo random mixing or follow a nonrandom pecking order from one round of fusion to the next (Park et al. 2012) .
What does refilling a pool mean? The term pool implies a vessel of finite capacity, like a bathtub, that is separately drained and refilled and can range from empty to completely filled. Because this pool must have an existence independent of its contents, physical location is an appealing way to conceptualize it. For example, the RRP is conventionally thought of as delimited by docking sites on the active zone. If, however, RRP vesicles were made up of small groups of vesicles, strung together by synapsin-dependent interactions (Gabriel et al. 2011) , the limit on pool capacity and the nature of its refilling would be very different, even if the broad implications for STP were basically similar. In this unconventional view, the basal location of the RRP would not be within a vesicle's breadth of the site of fusion but up to a few vesicle diameters away (Park et al. 2012) .
Answering these questions will call for new experiments to track the spatiotemporal dynamics of single vesicles.
CONCLUDING REMARKS
The idea of vesicle pools has a long history and great ongoing relevance to the cell biology of nerve terminals, to the underpinnings of synaptic plasticity, and to the workings of brain networks. Understanding the nature of vesicle pools and their dynamics is as intellectually challenging and experimentally thorny as any of the topics in this collection. Despite multiple controversies, prospects are bright for a melding of insights from ultrastructural, biophysical, and molecular approaches. In combination, these may bring concepts of vesicle pools to a new level of clarity. 
